ABSTRACT The major outer membrane proteins from Escherichia coli K-12 are modified to contain a-aminoadipic acid 5-semialdehyde (allysine). Tile allysine was found to be derived from lysine and it was identified by derivatizing it to chloronorleucine by reduction, a-aminoadipic acid by oxidation, and to a,e-diaminopimelic acid by reacting it with CN-and NH3. The a-aminoadipic acid was identified by mass spectremetry. Two major outer membrane proteins were found to possess allysine, a modified lysine characteristically found in connective tissue.
The multilayered envelope of Escherichia colh is composed of a cytoplasmic membrane, a peptidoglycan or murein layer, and an outer membrane. The outer membrane is characterized by the asymmetry of its phospholipid and lipopolysaccharide components (1, 2) , and by its comparatively simple protein composition. Approximately 80% of the protein mass of the outer membrane can be accounted for by two major polypeptides, designated by Schnaitman (3) as proteins 1 and 3a. Although it has been shown that protein 1 can be resolved into two bands (la and lb) when certain polyacrylamide gel electrophoresis procedures are used (4), we (5) and others (6) have shown that the primary structure of proteins la and lb is probably identical. These data led us to suspect that proteins la and lb are identical proteins that had been subjected to post-translational modification(s) (7) .
We set out to chemically identify the putative post-translational modification of proteins la and lb. This led to the discovery of another modification of these proteins which also appears to be present in protein 3a and in the phage-directed protein 2 (5, 8) . This communication describes the presence of allysine (a-aminoadipie acid 5-semialdehyde) in the major outer membrane proteins from E. coli. The presence of this lysylderived aldehyde has been confined to the connective tissue proteins collagen and elastin, and it serves, in part, to form the chemical crosslinks in these proteins. The potential significance of allysine in bacterial membrane proteins is discussed.
MATERIALS AND METHODS
Strains, Media, and Isotopes. E. coil K-12 W1485F-was grown on L-salts medium with 0.5% potassium lactate as a carbon source (5) . Outer membrane proteins were labeled with [U-14C] lysine by growing cultures in the salts medium supplemented with 20 amino acids plus vitamins (5) . Carrier lysine was at 25 gg/ml, and radioactive lysine (specific activity of 312 Ci/mol) was used at 0.1 uCi/ml of culture medium.
Purification of Outer Membrane Proteins. The major outer membrane proteins were purified as described (5) , except that the ion-exchange chromatography step was omitted. Polyacrylamide gel electrophoresis was performed as described (5, 7) . Gas-Liquid Chromatography and Mass Spectrometry. The material suspected of being a-aminoadipic acid was collected from the split-stream amino acid analyzer and desalted on a Bio-Rad AG 50-X4 (H+) column by the method of Franzblau et al. (10) . The desalted material was lyophilized, extracted twice with diethyl ether, and blown dry with nitrogen. The putative a-aminoadipic acid and an authentic standard (Sigma) were derivatized to their N-trifluoroacetyl n-butyl esters by the method of Roach and Gehrke (11) . The derivatives were dissolved in ethylacetate and injected into a Finnigan gas chromatograph using a column of OV-17 siloxane substrate on a support of Chromosorb W (80-100 mesh). The effluent from the gas chromatograph was examined with a mass spectrometer adjusted to provide a 20 atomic mass unit scan of the molecular weight region of the derivative. Scans were taken over a 20-sec interval, which included the retention time of the standard derivative. Pulsed positive negative ion chemical ionization mass spectra (12) were obtained with a Finnigan Model 3300 quadrupole mass spectrometer that had been modified to simultaneously record both positive and negative chemical ionization mass spectra.
RESULTS
Studies on the influence of culture medium on the production of proteins la and lb (7) suggested that these proteins might be modified by addition of a small molecule derived from intermediary metabolism. The proteins were examined for the presence of an a-keto acid prosthetic group based on the discovery of pyruvate bound to adenosylmethionine decarboxylase (13) and the finding (14) , later retracted (15), of a-ketobutyrate bound to urocanase. Purified outer membrane protein 1 was reacted with phenylhydrazine in an attempt to detect a carbonyl-containing prosthetic group. A difference spectrum of the reacted protein against unreacted protein revealed a phenylhydrazone absorbance at 293 nm.
Based on this finding, protein 1 was reduced with NaB3H4 and examined on polyacrylamide gels for the incorporation of 3H radioactivity. This protein, which was derived from a culture labeled with [14C]leucine, was heavily labeled with 3H (data not shown). When the labeling was carried out under prolonged conditions (pH 8.6 for 3 hr) some cleavage of the protein occurred, as indicated by the presence of both uncleaved protein and several peaks of lower apparent molecular weight. However, the ratio of 3H to 14C was identical in the uncleaved protein and in the smaller fragments. When protein was labeled under milder conditions (pH 7.4 for 1.5 hr), a single, heavily 3H-labeled peak was observed which migrated with the same mobility as unreacted protein 1. These observations, together with the inability to detect characteristic 3H-labeled a-amino alcohols in hydrolysates of the labeled protein, indicated that the bulk of the 3H incorporation could not be accounted for by nonspecific reductive cleavage, as has been reported in other systems (16) .
A purified preparation of ['4C]leucine-labeled, NaB3H4-reduced protein 1 was cleaved with CNBr and the peptides were analyzed on gels (5). At least three of the five CNBr peptides contained 3H radioactivity, indicating that the labeling was not confined to a single site on the polypeptide chains (data not shown).
Purified preparations of [U-'4C]lysine-labeled protein 1 were then reduced with NaB3H4 and hydrolyzed in 6M HC1 for 18 hr. The resulting amino acids were converted to their fluorescent dansyl derivatives and examined on polyamide thinlayer chromatograms (17) . The 3H radioactivity was found predominantly in a fluorescent spot that also contained 14C radioactivity (data not shown). These results suggested that the reduced moiety in the protein was a derivative of lysine, with the modification existing as a prosthetic group attached to lysine by a linkage recalcitrant to acid hydrolysis, or the modification was in the carbon skeleton of lysine itself. The obvious precedent for the latter alternative is the presence of a-aminoadipic acid 5-semialdehyde (allysine) in connective tissue.
We then hydrolyzed NaB3H4-reduced, [U-14C]lysine-labeled outer membrane protein 1 and subjected the hydrolysate to analysis on an amino acid analyzer equipped with a streamsplitting device. Fig. 1 shows the profile of the radioactivity eluted from the long column of the analyzer. The profile is similar to the results obtained when hydrolysates of collagen and elastin are run on a split-stream amino acid analyzer (18, 19) . One peak containing 3H and 14C radioactivity eluted from the analyzer at the calibrated position of chloronorleucine. This would be expected since a-aminoadipic acid 5-semialdehyde is reduced by NaBH4 to hydroxynorleucine, which in turn is converted extensively to chloronorleucine upon hydrolysis in HCl (18) . The unidentified peak near leucine also has been observed in collagen hydrolysates (18) , and the unresolved 3H radioactivity seen in fractions 60-80 is characteristic of reduced aldol (18) . Reduced aldol is the reduced condensation product of two allysine residues and it is unstable to acid hydrolysis. No 3H radioactivity was found on the short column of the amino acid analyzer (data not shown). The data presented in Fig. 1 were suggestive of the presence of allysine in the major outer membrane protein 1 from E. coll;
however, the resolution of the material made isolation and purification of reduced material unsatisfactory for further chemical characterization. We then chose to generate another derivative allysine that we could isolate free of substantial B contamination by nonradioactive amino acids. Studies on connective tissue have shown that allysine can be oxidized to a-aminoadipic acid (9) . This derivative is stable, elutes from the analyzer between alanine and valine, and is obtainable commercially in radioactive form.
Purified preparations of [U-14C]lysine-labeled protein 1 were C oxidized with performic acid, hydrolyzed, and analyzed on the split-stream amino acid analyzer. Fig. 2A shows the elution position of the amino acids from the long column of the analyzer; Fig. 2B shows the calibrated position for a-aminoadipic acid. Fig. 2C shows that protein isolated from a midlogarithmic phase culture possessed lysine-derived radioactivity in precisely the position of a-aminoadipic acid. Fig. 2D shows the results of a similar experiment in which the protein was isolated from a late logarithmic phase culture. In addition to the apparent presence of a-aminoadipic acid, a significant amount of lysine-derived radioactivity was present in another;peak eluting with aspartic acid. This material was present if the protein was not oxidized (Fig. 2E) ; however, little or no a-aminoadipic acid D was found. Amino acid analysis of the radioactive lysine used to label the cultures showed no radioactive component other than lysine. The material eluted from the short column of the analyzer showed no 14C radioactivity other than lysine (data not shown). Fig. 3 shows the radioactive profile of an oxidized hydrolysate of major outer membrane protein Sa. This is another major protein, which is the so-called heat-modifiable protein (20) Proc. Natl. Acad. Sci. USA 75 (1978) (ASP) mediated conjugation (21) . This protein was taken from a late logarithmic phase culture, and the presence of a-aminoadipic acid is indicated. However, little radioactivity is present in the aspartate region.
Considerable variation has been observed in the fraction of total lysine radioactivity present in a-aminoadipic acid after oxidation. Protein 1 possesses 1-5% of the lysine radioactivity in a-aminoadipic acid, whereas protein 3a appears to have 6-8% of the total.
Program adjustments were made on another amino acid analyzer that used a single column in order to obtain sufficient amounts of a-aminoadipic acid free of significant contamination by nonradioactive amino acids. Samples of the putative a-aminoadipic acid and the material eluting with aspartate from both proteins 1 and 3a were collected from the analyzer and desalted. These samples were analyzed by thin-layer chromatography on cellulose and compared to the chromatographic characteristics of authentic a-[14C]aminoadipic acid.
The results (Fig. 4) show that the putative a-aminoadipic acid runs with the same RF as the authentic standard, and the material that runs with aspartate is only detected in hydrolysates from protein 1. These results were also obtained in two other solvent systems (data not shown).
Desalted samples of a-aminoadipic acid from the analyzer were then derivatized to the N-trifluoroacetyl n-butyl ester and analyzed by gas liquid chromatography-mass spectrometry. The retention time (1.5 min) of the derivative was the same as the retention time of the derivatized standard on gas liquid chromatography. The mass spectral analysis was performed with a pulsed positive negative ion chemical ionization mass spectrometer which was designed to simultaneously record the positive and negative chemical ionization mass spectra (12) . The presence of the trifluoroacetyl butyl ester of a-aminoadipic acid with a molecular weight of 369 was confirmed by the presence of an ion at m/e 370 on the positive ion trace and an ion at m/e 368 on the negative ion trace.
Further evidence for the presence of allysine in the major outer membrane proteins of E. coli was obtained by analyzing for a derivative of allysine that is generated by a procedure independent of oxidation or reduction. This procedure recently c -0 has been applied to the analysis of lysyl-derived aldehydes in connective tissue (19, 22) , and it is based on the classical Strecker amino acid synthesis. The reaction of an aldehyde with NH3 and CN-results in the formation of an a-amino nitrile, which upon acid hydrolysis, is converted to an a-amino acid. The predicted derivative of allysine is a,c-diaminopimelic acid.
A purified preparation of [4-3H] lysine-labeled protein 3a and protein 1 was reacted with NH3 and Na14CN. A single, uncleaved protein band that possessed both 3H and 14C radioactivity was obtained for both proteins. A preparative experiment was then performed with [U-"4C]lysine-labeled protein Sa reacted with nonradioactive CN-. The reacted protein was hydrolyzed and run on the split-stream amino acid analyzer, which used a single column. The radioactive profile from this experiment is given in Fig. 5 ; in contrast to previous experiments, the radioactive lysine peak is shown. The profile reveals the presence of lysine-derived radioactivity eluting from the analyzer at precisely the calibrated position of a,e-diaminopimelic acid. In contrast to previous derivatization techniques, substantially more of the total lysine radioactivity appears to be present in this derivative (24%). DISCUSSION We have presented evidence for the presence of a-aminoadipic acid b-semialdehyde (allysine) in two outer membrane proteins of E. colt. The implication of this finding is that this compound arose by post-translational oxidative deamination of lysine residues. The possibility remains that the formation of allysine is an artifact arising from the activity of an amino acid oxidase or aminotransferase during preparation of the membranes, but this is unlikely because of the low temperature used during membrane isolation and the short time between when the cells were broken and when the membranes were subjected to denaturing conditions.
The presence of allysine was not previously detected for at least two reasons. Conventional amino acid analysis would not detect underivatized allysine, and any ninhydrin-reacting material would be obscured by other amino acids. Second, we omitted 2-mercaptoethanol from the isolation and purification of these proteins since they have been shown to lack cysteine. If 2-mercaptoethanol had been used, it would be expected to have reacted with the aldehyde of the allysine to form a a,e-Diaminopimelic acid Biochemistry: Diedrich and Schnaitman 3712 Biochemistry: Diedrich and Schnaitman thioacetal. The only report in the literature that suggested the presence of an unusual amino acid in these proteins was the sequencing study of Rosenbusch (23) , who was unable to identify the second amino acid from the NH2 terminus.
The results of the oxidation study are difficult to interpret quantitatively. If the measured amount of a-aminoadipic acid reflects the true extent of modification of the lysine residues, then there would be only 1 mole of allysine per mole of protein. However, at least three of the CNBr peptides appear to contain allysine. This could be interpreted to mean that the proteins were modified in an apparently random fashion with an average of only one modified residue per polypeptide or that a subpopulation of protein exists which is extensively modified. If the latter is correct, it does not account for the two forms of protein 1, since proteins la and lb possess approximately the same amount of allysine (unpublished observation). A third alternative is that our quantitation is not correct. This would appear to be the case based on the significantly greater amount of allysine implied by the results of the CN-and NH3 reaction in Fig. 5 . A fourth alternative is also possible, which is not exclusive of the other interpretations. Since aldehydes are reactive, it is possible that the bulk of the aldehyde is unavailable for derivatization because it had been consumed previously in another reaction. For example, some of the aldehydes may have engaged in Schiff-base formation with available amino groups, and these aldimines may have been biologically reduced to secondary amines.
An extension of the fourth interpretation is that the function of the allysine in bacterial membranes may be similar to its crosslinking function in connective tissue. The nature of the chemical crosslinks would not have to be identical to those found in collagen. For example, the allysine could form an aldimine crosslink to the diaminopimelic acid in the murein.
In support of the potential crosslink function of allysine in the bacterial membrane, we have recently obtained evidence that a fraction of the major outer membrane proteins remains attached to the murein after the samples are boiled in NaDodSO4. This 
